Abstract Bacterial phytases have attracted industrial interest as animal feed supplement due to their high activity and sufficient thermostability (required for feed pelleting). We devised an approach named KeySIDE, an iterative Keyresidues interrogation of the wild type with Substitutions Identified in Directed Evolution for improving Yersinia mollaretii phytase (Ymphytase) thermostability by combining key beneficial substitutions and elucidating their individual roles. Directed evolution yielded in a discovery of nine positions in Ymphytase and combined iteratively to identify key positions. The Bbest^combination (M6: T77K, Q154H, G187S, and K289Q) resulted in significantly improved thermal resistance; the residual activity improved from 35 % (wild type) to 89 % (M6) at 58°C and 20-min incubation. Melting temperature increased by 3°C in M6 without a loss of specific activity. Molecular dynamics simulation studies revealed reduced flexibility in the loops located next to helices (B, F, and K) which possess substitutions (Helix-B: T77K, Helix-F: G187S, and Helix-K: K289E/Q). Reduced flexibility in the loops might be caused by strengthened hydrogen bonding network (e.g., G187S and K289E/K289Q) and a salt bridge (T77K). Our results demonstrate a promising approach to design phytases in food research, and we hope that the KeySIDE might become an attractive approach for understanding of structure-function relationships of enzymes.
Introduction
Phytase catalyzes the reaction of phytate hydrolysis releasing inorganic phosphate and a less phosphorylated inositol molecule. About 50-80 % of the phosphorous in cereal gains, oilseeds, and legumes is composed of phytate (Bohn et al. 2008) . However, phosphorous in this form is hardly digestible by poultry animals. Additionally, phytate shows an antinutritive effect by forming complexes with divalent cations (Harland and Oberleas 1999) , amino acids, and proteins (Sebastian et al. 1998) . Consequently, the unabsorbed phytate is excreted leading to environmental pollution and eutrophication. Supplementation of phytase as a feed additive improves nutrition uptake and reduces phosphate excretion. Phytases can additionally be used for prevention of iron deficiency (Sandberg et al. 1999) in humans and synthesis of myo-inositol phosphates (Billington 1993) . The latter have potential applications in treating cardiovascular disorders and cancer (Cavazza 2000) . Adequate thermostability of phytase with high specific activity is a prerequisite for feed applications because animal feed pelleting processes require high temperatures (60-80°C). Phytases have a high economic interest, and several phytases from different microorganism have been discovered. However, only few bacterial phytases have been reengineered by directed evolution employing Electronic supplementary material The online version of this article (doi:10.1007/s00253-015-6959-5) contains supplementary material, which is available to authorized users. random mutagenesis (Garrett et al. 2004; Shivange et al. 2014; Shivange et al. 2012; Zhao et al. 2010; Zhu et al. 2010 ) and patented (Blattmann et al. 2011; Lei 2013; Miasnikov et al. 2012 ). Only few reports are available on structural dynamics studies of phytases (Noorbatcha et al. 2013; Sanchez-Romero et al. 2013; Shivange et al. 2010) . A rational and molecular understanding of interactions governing thermostability of phytases needs to be explored. Structural analyses on thermostable proteins resulted, however, in identification of general factors that are responsible for thermostability. Thermal stabilization can be achieved by ionic interactions (salt bridges), disulfide bonds, strengthening hydrogen bonds and hydrophobic interactions, reduction of conformational strain, and enhanced secondary structure propensity (Kumar et al. 2000; Vogt et al. 1997) . Directed evolution has been employed for improving enzyme and elucidating structure function relationships (Shivange et al. 2009 ). The two success stories of Escherichia coli phytase thermostabilization so far by directed evolution report an increased number of hydrogen bonds predicted based on crystal structures of E. coli phytase . Thermostability of the E. coli phytase was improved by 20 % (80°C for 10 min). Apart from E. coli phytase, the phytase from Penicillium species was improved for thermal resistance (70 %; 80°C for 5 min) using directed evolution (Zhao et al. 2010) . However, the contribution of each substitution in the improved phytase variants was not investigated.
In this manuscript, we report a first detailed analysis on molecular reasons for Yersinia mollaretii phytase (Ymphytase) thermostabilization using the iterative Keyresidues interrogation of the wild type with Substitutions Identified in Directed Evolution (KeySIDE) approach. The key beneficial substitutions were identified through two rounds of directed evolution and iteratively combined using site saturation mutagenesis (SSM) and site-directed mutagenesis (SDM). The first round of directed evolution yielded five substitutions reported previously (Shivange et al. 2012) , and four key substitutions were identified in the second round of directed phytase evolution. Out of nine by directed evolution discovered positions, four finally increased thermal resistance (T77K, Q154H, G187S, and K289Q). Molecular dynamics (MD) simulations revealed in the thermostable variant M6, a reduced flexibility mainly in loop regions which are distant from beneficial amino acid substitutions and the active site.
Material and methods

Site-directed mutagenesis of Ymphytase
A site-directed mutagenesis (Hutchison et al. 1978 ) method was used to combine key substitutions identified (Variant SM2P3E4: D52N, T77K, K139E, G187S, V298M) in the previously reported first round of directed Ymphytase evolution (Shivange et al. 2012) . Two PCRs [25 μl; 98°C for 30 s, one cycle; 98°C for 10 s, 55°C for 30 s, 72°C for 80 s, two cycles] using either forward primer or reverse primer (0.4 mM each), Phusion Hot Start DNA polymerase (0.5 U in each, Finnzymes, Keilaranta, Finland), and dNTP mix (0.2 mM each) together with template (pALXtreme-5b harboring YmappA; 5 ng in each) were used. Both the PCRs were combined for final PCR [50 μl; 98°C for 30 s, 1 cycle; 98°C for 10 s, 55°C for 30 s, 72°C for 80 s, 14 cycles; 72°C for 180 s]. YmPNdeR2HF primer (5′-CCG AAT TCA CAT ATG CAC TTA ACT GCA CTG GGC-3′) was used to incorporate R2H mutation in the wild-type appA gene. Following the PCR, DpnI (20 U; New England Biolabs, Germany) was added, and the mixture was incubated overnight at 37°C. The PCR p r o d u c t s w e r e t r a n s f o r m e d i n t o E . c o l i B L 2 1 -Gold(DE3)LaqI Q1 for expression. Primers used for SDM/ SSM are summarized in Table S1 (Electronic Supplementary Material).
Construction of Ymphytase SeSaM library
A SeSaM mutagenesis technique ) was used to generate random mutagenesis libraries with high mutational load. Briefly, a SeSaM-Tv + library for all four nucleotides in the coding strand of the Ymphytase variant SM2P3E4 was generated, using pALXtreme-5b vector (Blanusa et al. 2010) specific primers SeSaM-fwd-F1 5′-CAC ACT ACC GCA CTC CGT CGC GAC TCA CTA TAG GGG AAT TGT GAG CGG A-3′ and SeSaM-rev-R3 5′-GTG TGA TGG CGT GAG GCA GCC GGG CTT TGT TAG CAG CCG GAT CTC AG-3′ for SeSaM template generation. Following YmappA fragmentation, purification, and universal base addition, the full-length gene synthesis was achieved using PCR by combining A_fwd_library with A_rev_library and G_fwd_library with G_rev_library. Combining these libraries introduced a higher number of universal bases per gene fragment leading to high mutational load. The universal bases were replaced by standard nucleotide. Equal amounts of both A and G libraries were combined and digested with NdeI and NotI restriction enzymes. Digested PCR product was cloned into pALXtreme-5b vector and transformed into E. coli BL21-Gold(DE3)laqI Q1 strain (Blanusa et al. 2010 ) for expression and screening.
Prescreening and screening of SeSaM library
Prescreening in 384-well microtiter plate for thermostability SeSaM mutant library was prescreened as described previously (Shivange et al. 2012) . Briefly, colonies were transferred into 384-well microtiter plates (black polystyrene plates, Greiner Bio-One GmbH, Frickenhausen, Germany) containing 250 mM sodium acetate buffer (250 mM sodium acetate, 50 μl; 1 mM CaCl 2 , 0.01 % Tween-20, pH 5.5). Each well was replicated using a 384-well pin replicator into a second series of 384-well microtiter plates containing ZYM-505 non-inducing medium (Studier 2005 ) (50 μl) supplemented with ampicillin (100 μg/ml). A first set of 384-well microtiter plates were heat-inactivated (62°C for 20 min) and cooled down (4°C for 20 min). The phytase activity was monitored for 15 min (exCitation wavelength, 360 nm; emission w a v e l e n g t h , 4 6 5 n m ) b y a d d i n g 4 -m e t h y lumbelliferylphosphate (4-MUP; 50 μl; 5 mM in 250 mM sodium acetate buffer, pH 5.5) to each well of 384-well microtiter plates using a 96-well liquidator 96 pipetting tool (Steinbrenner Laborsysteme GmbH, Wiesenbach, Germany). The clones in the second set of 384-well microtiter plates were cultivated in a microtiter plate shaker (Multitron II, Infors GmbH, Einsbach, Germany; 37°C, 900 rpm, 70 % relative humidity; 24 h) and stored at −80°C after addition of glycerol (50 μl; 50 %).
Screening for improved thermostability in 96-well plates using 4-MUP Cultivation, expression, and screening of mutant library in 96-well plates were performed as described previously (Shivange et al. 2012) . Briefly, mutants selected from prescreening were expressed in ZYM-5052 media, and the harvested cell pellets were washed with ice-cold glycerol (10 % w/v), imbibed in Tris-HCl buffer (100 μl, 50 mM, 5 min, pH 7.4), and resuspended by shaking (1200 rpm for 5 min) using microplate shaker TiMix 2 (Edmund Bühler GmbH, Hechingen, Germany). Cell lysis was performed by adding 100 μl of lysozyme solution (2 mg/ml, 50 mM Tris, pH 7.4) followed by incubation (37°C, 1 h) and centrifugation (4°C, 3220 g, 20 min). The cell lysate (60 μl) was diluted in acetate buffer (140 μl; 250 mM sodium acetate, 1 mM CaCl 2 , 0.01 % Tween-20, pH 5.5), and diluted cell lysate (80 μl) was transferred to 96-well PCR plates (Thermowell 96-well polycarbonate PCR plates; Corning GmbH, Kaiserslautern, Germany). PCR plates were sealed with sealing mats (Thermowell 96-well silicone rubber sealing mat, Corning GmbH, Kaiserslautern, Germany), incubated at 60°C for 20 min in a PCR machine (Mastercycler pro S, Eppendorf AG, Hamburg, Germany), and cooled down to 4°C for 20 min. Activity for samples incubated at room temperature (50 μl; diluted cell lysate) or heat-inactivated samples (50 μl) were measured by adding 4-MUP (50 μl; 1 mM, 250 mM sodium acetate, pH 5.5, 1 mM CaCl 2 , 0.01 % Tween-20) solution. The activities of phytase variants were determined (15 min) by the increase in the relative fluorescence (exCitation wavelength, 360 nm; emission wavelength, 465 nm) using a Tecan Infinite M1000 microtiter plate reader (Tecan Group AG. Männedorf, Switzerland).
Screening of Ymphytase mutants for thermostability (T 50 ) in test tube culture
Culture tubes (10 ml) containing autoinduction medium (Studier 2005 ) ZYM-5052 (2 ml) supplemented with ampicillin (100 μg/ml) were inoculated with a 1:100 dilution of preculture that was grown in ZYM-505 media for 8 h at 37°C (E. coli BL21-Gold(DE3)LaqI Q 1 harboring pALXtreme-5b-YmappA). After ∼12 h of expression, E. coli cells (1-ml culture) were harvested by centrifugation (16,000g, 1 min; Eppendorf 5424, Eppendorf AG, Hamburg, Germany). Cell lysis was carried out by lysozyme digestion (1 ml, 1 mg/ml, 37°C) and cell lysate was obtained by centrifugation (16,000g, 1 min; Eppendorf 5424, Eppendorf AG, Hamburg, Germany). The cell lysate was diluted (1:5) and the diluted cell lysates were incubated at gradually increased temperature (47 to 67°C) in PCR cycler (Mastercycler pro S, Eppendorf AG, Hamburg, Germany) for 20 min. The protein samples were cooled down to 4°C for 20 min. The residual phytase activity was measured using the phytase fluorescence assay at 37°C and pH 5.5 as described in the previous paragraph.
Purification and characterization Ymphytase Wt, M3, and M6
Ympytases were expressed in a 2-l Erlenmeyer flask containing ZYM-5052 media (400 ml; 37°C, 16 h; 250 rpm; 100 μg/ml ampicillin). The cells were harvested by centrifugation (2820g, 15 min, 4°C; Sorvall RC-6 Plus, Thermo Scientific, Schwerte, Germany) and resuspended in acetate buffer (20 ml, 25 mM sodium acetate, pH 5.5, 0.1 mM CaCl 2 , 0.001 % Tween-20). The resuspended culture was homogenized in a Falcon tube (50 ml; cooled on ice) using a probe sonicator (Bandelin Sonopuls HD 200, Bandelin electronic GmbH, Berlin, Germany; 90 s; at 40 % amplitude with 40 cycles). A further cell lysis step was subsequently carried out using a high-pressure homogenizer (∼1300 bar, two cycles; EmulsiFlex C3, Avestin Europe GmbH, Mannheim, Germany). The disrupted E. coli cells were centrifuged (18,350g, 45 min, 4°C, Eppendorf 5810R, Eppendorf AG, Hamburg, Germany), and the supernatant was further cleared by filtration through a low-protein-binding filter (0.45 μm; Minisart RC 25 disposable syringe filter; Sartorius, Hamburg, Germany). Wild-type Ymphytase, and M3 and M6 variants were subsequently purified (>90 % purity) by cation exchange chromatography using Toyoperl SP-650C (Tosoh Bioscience GmbH, Stuttgart, Germany) as described previously (Shivange et al. 2012) .
Thermostability determination
Purified Ymphytase wild-type (Wt), M3, and M6 enzymes were diluted in acetate buffer (250 mM sodium acetate, pH 5.5, 1 mM CaCl 2 , 0.01 % Tween-20) to 40 ng protein per milliliter and incubated at varied temperatures (gradient from 47 to 67°C; 20 min) in a thermocycler (Mastercycler pro S, Eppendorf AG, Hamburg, Germany) and subsequently cooled down to 4°C for 20 min. The residual phytase activity was measured using the AMol colorimetric assay (37°C; pH 4.5) (Shivange et al. 2012) . The melting temperatures (T m ) of Ymphytases were determined using a real-time PCR machine (iQ5 real-time PCR detection system, Bio-Rad Laboratories, CA, USA). Ymphytases were diluted (to 0.2 mg/ml in acetate buffer (250 mM sodium acetate, pH 5.5, 1 mM CaCl 2 , 0.01 % Tween-20)), and the diluted samples (20 μl) were mixed with SYPRO orange protein gel stain solution (Sigma-Aldrich, St. Louis, Missouri; 5 μl of 10×) which was diluted in acetate buffer (250 mM sodium acetate, pH 5.5, 1 mM CaCl 2 , 0.01 % Tween-20). Unfolding of Ymphytases was monitored by SYPRO orange fluorescence changes during thermal incubation (20 to 100°C; heating rate of 3°C/min; fluorescence measured every 10 s).
Determination of kinetic parameters
Ymphytase Wt, M3, and M6 enzymes were diluted to 0.2 μg/ml in acetate buffer (250 mM sodium acetate, pH 4.5, 1 mM CaCl 2 , 0.01 % Tween-20). The K half and k cat values were determined from initial-velocity data measured as a function of phytate concentration as previously described (Shivange et al. 2012) . Briefly, phytase reaction was initiated in a 96-well microtiter plate after a preincubation (5 min; 37°C) of Ymphytase Wt, M3, or M6 variant (50 μl) by the addition of phytate substrate solution (70 μl, phytate 7.8-1000 μM, sodium acetate 250 mM, pH 4.5, CaCl 2 1 mM, Tween-20 0.01 %) using the 96-well liquidator 96 pipetting tool (Steinbrenner Laborsysteme GmbH, Wiesenbach, Germany). Enzymatic reaction in a 96-well microtiter plate was stopped Brow-wise^by supplementing trichloroacetic acid (70 μl, 15 %) row by row in a time interval of 30 s. Released phosphate concentration was determined using the AMol color developing solution (70 μl; 0.54 % w/v ammonium molybdate and 2.16 % w/v ascorbic acid in 3.5 % H 2 SO 4 ) and incubating (50°C for 15 min) in a modified metal block thermostat MBT 250-4 heater (Entwicklungs-und Technologie Gesellschaft mbH, Ilmenau, Germany). Developed product was quantified by absorbance measurements (820 nm; Tecan Infinite M1000 microtiter plate reader; Tecan Group AG. Männedorf, Switzerland). Initial velocity data were obtained and fitted with the equation:
where Y is the initial activity, V max is the maximum velocity, h is the Hill coefficient, X is the substrate concentration, and K half is the concentration of substrate that will afford half-maximal velocity (see reference (Copeland 2000) ) by using GraphPad Prism software (GraphPad software, San Diego, CA, USA). The k cat was calculated from the ratio of V max and Ymphytase concentration. One enzyme unit (U) is defined as the amount of enzyme required to liberate 1 μmol of inorganic phosphate in 1 min.
Homology modeling
Homology modeling was performed using MODELLER 9v3 software (Sali 1996) . Construction and the validation of Ymphytase homology model is described in the Electronic Supplementary Material file.
MD simulations
Ymphytase forms a tetrameric structure in solution. The available crystal structure of tetrameric phytase from Debaryomyces castellii has only 19 % sequence identity with Ymphytase. The E. coli phytase (template structure used for the homology modeling; 45 % sequence identity) has a monomeric state both in solution and in the crystal ). A tetramer model was generated by superimposing monomer Ymphytase models onto the tetramer D. castellii phytase (PDB ID: 2GFI) for analyzing the most probable interface region of the monomers. Residues involved in intermonomer interactions were calculated using PIC server (http://crick.mbu.iisc.ernet.in/∼PIC/). Substitutions in the M6 variant were not located at the tetramer interface (Electronic Supplementary Material Fig. S7 ). Therefore, MD simulation was performed on the monomer Ymphytase model to further refine the model and obtain a starting structure to model the M6 Ymphytase variant.
Initial structures preparation
The N-terminal loop in Ymphytase model (M1-A17; not correctly folded) corresponding to a signal sequence was deleted before the simulation. A 20-ns MD simulation was performed first on the model of wild-type Ymphytase. The cluster analysis on the backbone atoms of the trajectory provided a representative conformation from the most abundant cluster (described below in heading Bcluster analysis^). The variant M6 was generated from this structure by using the mutate tool of Swiss-Pdb Viewer software (Guex and Peitsch 1997) ; rotamers with the highest fit probability were selected for each mutated residue.
MD simulations setup
MD simulations (wild-type and M6) were performed using GROMACS (version 3.3.1) software package (Berendsen et al. 1995; Lindahl et al. 2001 ) using the GROMOS96 (version GROMOS43a1) force field (Scott et al. 1999 ).
Ymphytases were protonated and solvated in dodecahedron boxes with water by stacking equilibrated boxes of the solvent to form a box large enough to contain Ymphytase and at least 0.9 nm of the solvent on all sides. Since the resulting protonation state of the molecule resulted in a total negative charge, sodium counterions were added to neutralize the simulation box. In Table 1 , a summary of the simulation setup is reported. The MD simulations were carried out at a constant temperature and pressure. The temperature was kept constant at 300 K using the Berendsen weak coupling algorithm (Berendsen et al. 1984 ) with coupling constant of 0.1 ps while the pressure was kept constant at 1 bar by the weak coupling constant of 0.5 ps (Berendsen et al. 1984) . Initial velocities for each atom were generated with the Maxwell distribution at 300 K. For water molecules, the SPC water model (Berendsen et al. 1981 ) was used with the SETTLE algorithm to constrain bond lengths and bond angles (Miyamoto and Kollman 1992) . The SHAKE algorithm (Ryckaert et al. 1977 ) was used to constrain all bond lengths. The nonbonded interactions (electrostatic and Lennard-Jones) were calculated using the Particle Mesh Ewalds method (Darden et al. 1993) . For the calculation of the long-range interactions, a grid spacing of 0.12 nm combined with a fourth-order B-spline interpolation was used to compute the potential and forces in between grid points. A non-bonded pair-list cutoff of 0.9 nm was used and the pair-list was updated every five time steps. The potential energy of each system was first minimized for at the least 1000 steps using the steepest descent algorithm in order to remove any van der Waals clashes generated by solvent molecules. Water molecules were allowed to adjust by performing 100 ps of molecular dynamics simulation with position restraints on the protein. Each system was equilibrated for 100 ps before trajectory data were produced for analysis. A 20-ns production run was performed on wild type, and a 10-ns production run was performed for variant M6.
Cluster analysis
Clustering was used to identify a representative Ymphytase conformations corresponding to the most abundant clusters in the trajectories. The RMSD-based GROMOS algorithm (Daura et al. 1999) was used for the analysis of the MD trajectories. A least squares translational and rotational fit was performed for each structure in the trajectory. The analysis was performed on the backbone atoms for the wild type to get the most abundant backbone conformation of Ymphytase. The Ymphytase model data is deposited in the PMDB database (Castrignano et al. 2006 ) (http://bioinformatics.cineca.it/ PMDB) under the accession number PM0077741. This model was used to construct variant M6. In case of M6 variant, cluster analysis was performed on protein atoms to extract a most abundant model (median structure) possessing similar side chain conformation in a cluster. The clustering algorithm assigns all structures within the cutoff as neighbors and the structure possessing the largest number of neighbors is assigned as the median of the cluster. This structure was extracted from the pool along with its neighbors, and the process was repeated until all the structures are assigned to the clusters (Daura et al. 1999) . A cutoff of 0.15 nm was selected for wild type and 0.175 nm for Ymphytase variant M6.
Principal component analysis
The principal component analysis (PCA; or essential dynamics analysis) is a powerful tool to extract and analyze largescale collective functional motions from the protein dynamics (Amadei et al. 1993) . The method allows to partition protein motion averaged along the simulation, in so-called essential degrees of freedom (large-scale collective motions that are relevant to the protein function) from less relevant local fluctuations.
The PCA of the last 10 ns of both Ymphytase wild-type and M6 simulations was carried out to detect correlated motions of large amplitude. The analysis was performed by building a covariance matrix of positional fluctuations of the backbone atoms (Cα, N, C) obtained from the trajectories. The structure used as reference for building the covariance matrix of both wild type and M6 was the median backbone structure obtained from the largest cluster of the wild-type trajectory. Upon diagonalization of the covariance matrix, a set of eigenvalues and eigenvectors were generated. The eigenvectors correspond to directions in a 3N dimensional space (where N is the number of backbone atoms used for the analysis, in this case 1251) along which collective atomic fluctuations occur. The 3N eigenvalues represent the total mean square fluctuations of the system along the corresponding eigenvectors. Usually, the first few ten principal components (essential eigenvectors) depict more than half of the total conformational fluctuations (Amadei et al. 1993 ). These functionally important motions in the Ymphytase wild-type and M6 variant were visualized by projecting the trajectories onto corresponding five largest eigenvectors. The conformations of the projected conformations were sampled every 1 ns resulting in 11 models (Fig. 5 ). All analyses were performed using the tools of GROMACS (Van Der Spoel et al. 2005) package. The molecular graphics images were generated using the UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (Pettersen et al. 2004) .
Results
KeySIDE on a first directed Ymphytase evolution variant
In our previous report, screening of a SeSaM library yielded an improved Ymphytase variant SM2P3E4 (Shivange et al. 2012 ) which showed an improved thermostability and harbors six substitutions (R2H, D52N, T77K, K139E, G187S, and V298M; Fig. 1a ; gray-colored circle). Key substitutions in the SM2P3E4 variant were discovered by incorporating each mutation except R2H in the wild type using SDM. Residual activity was calculated for Ymphytase variants by considering the activity at room temperature as 100 % and dividing the remaining activity after heat incubation (58°C for 20 min) by the activity at room temperature. Activity and residual activity improvement for all reported variants are reported in Table 2 . The first generation of SDM (Fig. 1a , blue-colored circles) revealed that only one substitution (M1A; T77K) increased thermostability (12 % improved residual activity; T 50 improved by 1°C). All other four substitutions did not contribute to improved Ymphytase thermostability. In the second generation of SDM (Fig. 1a, brown-colored circles) , T77K was independently combined with all other four sites (D52N, K139E, G187S, or V298M). Out of four combinations, one combination (M2; T77K, G187S) showed a further improved thermostability (22 % improved residual activity; T 50 improved by 1.5°C) with desirable activity. Interestingly, the Ymphytase variant M2 had a thermostability which is equal to the thermostability of SM2P3E4 without losing activity. These results indicate cooperativity between the amino acid positions T77K and G187S (G187S alone was not beneficial).
Screening second random mutant library generated with the SeSaM method SeSaM library was generated using SM2P3E4 as a template with a high mutational load. The high mutational load was achieved by modifying the SeSaM protocol (see the BMaterial and methods^section). About 1600 clones (four plates) were sampled for improved thermostability using a robust 384-well microtiter plate based high-throughput prescreening system (Shivange et al. 2012 ). In the prescreening, 72 Ymphytase variants showing more than 20 % higher residual activity (62°C for 20 min) than wild type were selected for subsequent screening in a 96-well microtiter plate. Considering activity and thermostability determined using cell lysate, 11 clones were finally selected and classified into four groups: (i) improved thermostability and increased activity, (ii) improved thermostability and reduced activity, (iii) improved activity, and (iv) improved activity and reduced thermostability. Notably, a prescreening of the second SeSaM library at a higher temperature (75°C for 20 min) yielded an additional variant, G81E, which belongs to group (ii) Table S2 ). In summary, four new sites were identified in thermostable Ymphytase variants (group i, Q154H and L239V; group ii, K289E and G81E; Fig. 1b) and combined with the sites T77K and G187S from the first SeSaM library.
Combining Bkey beneficial^substitutions using KeySIDE yields Ymphytase variant M6 (T77K, Q154H, G187S, K289Q)
Importance of individual position was determined by incorporating via SDM each substitution (G81E, Q154H, L239V, and K289E) separately in the wild-type Ymphytase and screening with the 4-methylumbelliferyl phosphate (4-MUP) detection system (Fig. 1a , magenta-colored circles). Ymphytase variant M2 was identified as a Bbest^combination (T77K, G187S) out of the six substitutions identified by KeySIDE on SM2P3E4 variant (R2H, D52N, T77K, K139E, G187S, and V298M) with even improved activity and comparable thermal resistance (Fig. 1a) . The third generation of SDM was performed on wild-type (Fig. 1a , magenta-colored circles) incorporating the four substitutions (G81E, Q154H, L239V, K289E) individually. Only Q154H and K289E showed significantly improved thermal resistance; however, the activity of K289E dropped to <50 % of the wild-type activity. The fourth generation of SDM was performed on M1A generating M1A-Q154H, M1A-L239V, M1A-K289E, and M1A-V298M ( Fig. 1a ; green-colored circles). The variants M1A-Q154H, M1A-K289E, and M1A-V298M are more thermostable than M1A. In addition SDM was performed on M2 generating M2-G81E, M2-Q154H (named M3), M2-K289E (named M4), and M2-L239V (Fig. 1a, red-colored circles) . The positions Q154H and K289E showed a significantly increased thermal resistance and for M4 a reduced activity. Figure 1c summarizes the SDM/SSM combinations of substitutions by KeySIDE. The position Q154H increases thermal resistance after incorporation in M1A (T77K; 1.5°C T 50 ; unaltered activity). In M2 (T77K, G187S), thermal resistance (T 50 increased by 2°C) and activity (20 %) are improved after introducing Q154H. The substitution K289E was most beneficial in improving thermal resistance; however, the activity at room temperature was reduced in all muteins (M1A-K289E, M4, M5) when compared to the corresponding parents (Fig. 1a) . In detail, the results are M1A-K289E (2°C higher T 50 ; 34 % increased residual activity), M4 (T77K, G187S, K289E: 2.5°C higher T 50 and 45 % increased residual activity). Therefore, a site saturation mutagenesis of position K289 was performed in the wild-type Ymphytase.
Site saturation mutagenesis at position K289 Position K289 was saturated using NNK codon degeneracy, and a mutant library (∼200 clones) was screened using the 4-MUP detection system. Sixteen variants were selected and rescreened for T 50 determination. All muteins except three variants (P1B4, P1A8, and P1C12) showed a decreased activity when compared to the wild-type Ymphytase. Sequencing revealed that K289E, K289R, or K289Q substitutions improved thermal resistance (Fig. 1a, magenta-colored circles) whereas the most active muteins contained the wild-type amino acid (K289K).
The substitution K289Q showed a higher thermal resistance and activity than the K289E substitution which was found in the second SeSaM library screening. Therefore, the substitution K289Q was incorporated in M3 yielding M6. For comparison, K289E was incorporated in M3 too yielding M5 (Fig. 1a, yellow-colored circles) . In contrast to expected additive effects, the variant M5 had a comparable thermal resistance and higher activity (∼13 %) when compared to M4. Residual activity (4-MUP) for M5 and M6 was improved to a comparable extent; however, the thermostability measured by T 50 was 0.5°C higher for M6 than for M5. Therefore, Ymphytase variants M3 and M6 were selected for characterization. When switching from 4-MUP to the natural phytate substrate, surprisingly, the M3 and M6 variants showed a higher relative activity for phytate than for the 4-MUP substrate. In the case of M3, the absolute activity for phytate exceeds the activity of the wild type whereas M6 shows a slightly reduced (∼5 %) activity (Fig. 1a , yellow-and red-colored circles with phytate in brackets).
Thermostability profiles
Ymphytase mutants M3 and M6 were selected based on activity and thermostability profiles, purified, and characterized. Figure 2a , b shows the thermostability profile of wild type (Wt), M3, and M6 from 47 to 67°C after incubation (20 min). M3 displayed residual activities which were ∼42 % (58°C for 20 min) and ∼13 % (60.5°C for 20 min) higher when compared to the wild-type Ymphytase. Corresponding improvements of M6 are ∼54 % (58°C for 20 min) and ∼31 % (60.5°C for 20 min). The T 50 for M3 and M6 was improved by 2.5°C (M3) and 3.5°C (M6) when compared to that for the wild-type ( Fig. 2a ; PCR cycler temperature homogeneity ≤±0.3°C). Fig. 2c shows the melting temperatures (T m ) of Wt, M3, and M6 which were determined by the SYPRO orange thermal shift assay. T m values of M3 and M6 increased compared to the Wt by 2.5°C (M3) and 3°C (M6).
Determination of kinetic parameters
The pH activity profile of the mutants M3 and M6 remained unchanged compared to that of wild type (pH optima 4.5; Electronic Supplementary Material Fig. S10 ). The phytase kinetic parameters were determined at pH 4.5, using sodium phytate as a substrate, and kinetics were analyzed using the Hill equation describing an allosteric model. The Hill coefficient (h) value for wild type (2.3), M3 (2.05), and M6 (2.65) indicated cooperativity which is in accordance to an expected tetramer (Table 3 and Fig. 2d) . Figure 2d shows a native PAGE of Wt, M3, and M6 suggesting a tetramer formation (expected molecular weight: tetramer, ∼189 kDa, and monomer, ∼47 kDa). The K half values were determined to be 292.8 μM (Wt), 353.7 μM (M3), and 284.2 μM (M6). The catalytic activities (k cat ) were calculated by considering four active sites per molecule of Ymphytase. The specific activity of M3 for phytate increased by ∼200 U/mg compared to that of wild type. In case of M6, the specific activity was not significantly altered (5 % less than wild type).
Homology modeling
The root-mean-square deviations (RMSDs) of the Ymphytase model with template E. coli phytase (1DKM), for the Cα and backbone atoms, were equal to 0.023 and 0.028 nm, respectively. The assessment of the quality of the obtained model was performed using both the PROCHECK tool (Laskowski et al. 1993 ) and the Verify 3D server (Luthy et al. 1992) . The Ramachandran plot of the psi/phi backbone angles resulted in 98.9 % residues in the allowed region, 0.5 % in the generously allowed region, and only 0.5 % in the disallowed region (Electronic Supplementary Material Fig. S1 ). In addition, the 3D-1D averaged profile analysis of the Verify3d server (Electronic Supplementary Material Fig. S2 ) showed a reliable folding in most of the regions of the Ymphytase model. In summary, the overall assessment indicates that the model has a satisfactory accuracy for further structure-based analysis. 
MD simulations and cluster analysis on wild-type Ymphytase
MD simulations were performed on a monomeric Ymphytase model (see the BMaterial and methods^section). The convergence of MD simulations was assessed by analyzing both RMSDs from the starting structure coordinates of the backbone atoms (Fig. 3a) and radius of gyrations (Rg) (Electronic Supplementary Material Fig. S3 ). In Ymphytase wild type, the RMSD and Rg curves showed a good convergence after 10 ns of simulation to a stable plateau at 0.37 and at 2.18 nm, respectively. These values are in agreement with our previous MD simulation study of the E. coli phytase (Shivange et al. 2010) . The cluster analysis of Ymphytase wild-type trajectory was performed on backbone atoms to extract the most populated backbone conformation that was used to model the M6 variant. RMSD-based cutoff of 0.15 nm resulted in six clusters with the first two most populated clusters covering 48 and 45 % of the trajectory (Fig. 3c) , respectively. The representative median structure of the largest cluster, extracted from the MD trajectory at 17.41 ns, was used as MD-refined model of the wild-type Ymphytase.
The secondary structure and three-dimensional fold (Electronic Supplementary Material Fig. S4 ) of this conformation were found to be reasonably similar to phytases from enterobacteriaceae family (Bohm et al. 2010; Lim et al. 2000) . The α/β-domain contains a centrally twisted seven-stranded β-sheet (1, 4, 10, 11, 12,13a, and 13b ) of mixed topology with two α-helices (B, C and N, K) on each side that is homologous to the α/β-domains of other phytases (Kostrewa et al. 1999; Lim et al. 2000; Lindqvist et al. 1993) . The α-domain of Ymphytase consists of two central α-helices (I, J; roof of the active site) surrounded by number of helices (A, D, E, F, G, L, and M), loops, and a β-hairpin (6 and 7) structure.
MD simulations and cluster analysis on Ymphytase variant M6
Ymphytase M6 variant model was obtained from MD-refined wild-type model by modeling the side chain of the mutated amino acids (T77K, Q154H, G187S, and K289Q). The structure of the variant M6 model was further optimized with 10 ns of MD simulation using the same protocol as for the wild type (see the BMaterial and methods^section).
The backbone RMSD of variant did not show a significant change with respect to the starting model throughout the simulation time (Fig. 3b) . The cluster analysis on M6 trajectory was performed on all protein atoms to extract a most representative model of the mutated variant with optimized amino acid side chains. The RMSD-based cutoff of 0.175 nm on all protein atoms resulted in 18 clusters. Approximately, 36 and 21 % of the snapshots in the M6 trajectories were represented by the largest first and second clusters, respectively (Fig. 3d) . Figure 6 shows the representative conformation of most abundant cluster.
Ymphytase flexibility and hydrogen bonding network analysis
Analysis of the root-mean-square fluctuations (RMSFs) over last 10-ns simulation time reveals two regions (L92-T102, Q304-Q317) in M6 to be less flexible compared to wild type (Fig. 4) . The overall flexibility of Ymphytase decreased in M6 simulation compared to wild-type Ymphytase simulation.
To gain more insights into flexibility of the different regions of wild-type and mutant Ymphytase, the PCA of the trajectories was performed. The first two eigenvectors cover 48 and 25 %, and the first five ones 60 and 42 % of the total fluctuations for wild type and M6, respectively. MD trajectories were filtered by projecting them along the corresponding first five eigenvectors to visualize the motion of the protein along these essential eigenvectors. In Fig. 5 , the superimpositions of conformations sampled along the projected trajectory are reported for both the simulations. The major collective fluctuations occur in three red-colored loop regions corresponding to the residues L92-T102 (B4), N247-P252 (JI), and Q304-Q317 (K10) that evidenced a clear reduced mobility in the M6 variant compared to wild type. MD simulation trajectory of M6 was analyzed for intraprotein interactions (H bonds and salt bridges) during simulation time. Figure 6 shows the representative conformation of the most abundant cluster. The hydrogen bonding network of each substituted amino acid (T77K, Q154H, G187S, and K289Q) in the M6 variant was analyzed along the trajectory. Substitution G187S on helix-F was analyzed for possible hydrogen bonding interactions. A formation of four hydrogen bonds was observed with loop-G6 which is situated between helix-G and β-sheet-6 (Fig. 6a, b ). These interactions were not possible with glycine due to absence of hydroxyl side chain (Electronic Supplementary Material Fig. S5a ). The hydrogen bonding network was improved for K289Q substitution with helix-L and loop-CD (located between helix-C and helix-D). Lysine at position 289 in wild-type trajectory showed two to three hydrogen bonding interactions with helix-L. However, the average total number of hydrogen bonds for glutamine (K289Q) is higher when compared to the lysine residue in wild-type Ymphytase. Additionally, hydrogen bonding interactions with the loop-CD were augmented when the K289-residue was replaced by glutamine ( Fig. 6c, d ; Electronic Supplementary Material Fig. S5c, d , wild-type hydrogen bonding network). In addition, the salt bridge interaction between the T77K and D122 (Fig. 6e) present in the homology model did remain unchanged throughout the simulation ( Fig. 6f; Electronic Supplementary Material Fig. S6 ).
Discussion
Phytases have been commercialized from the last two decades as a feed supplement. A large fraction (∼70 %) of the monogastric feed products contain phytase enzymes and have a current market value of US$350 million per year with a 10 % growth rate (Cowieson and Cooper 2010) . Reports on phytase reengineering comprise improved thermostability (directed evolution and semi-rational design approaches) to match demands in the feed pelleting process (60-80°C). We recently reported two experiments improving Ymphytase thermostability (Shivange et al. 2014; Shivange et al. 2012) , and only four other reports on bacterial phytase (α/ß-fold) improvement by directed evolution are available (Fei et al. 2013; Zhao et al. 2010; Zhu et al. 2010 ). The residual activity of E. coli phytases (appA) was improved by 23.3 % (80°C for 5 min) (Zhu et al. 2010) , and appA2 phytase was improved by 20 % (80°C for 10 min) in directed evolution experiments using error-prone PCR for diversity generation. In addition, a phytase from Penicillium species with low specific activity (137 U/mg) has also been improved by directed evolution (74 % in residual activity; 80°C for 5 min) (Zhao et al. 2010) . However, the effect of each substitution on thermal resistance and activity for these phytases has not been investigated. Furthermore, ß-barrel folded phytases and fungal phytases have been improved by semi-rational design (Tian et al. 2011; Tung et al. 2008; Zhang et al. 2007) . Ymphytase belongs to bacterial histidine acid phosphatase (α/ß-fold) with a high specific activity (∼1274 U/mg) and adequate thermal resistance.
The evolutionary pathway to increase thermal resistance of Ymphytase using a KeySIDE named approach is shown in Fig. 7 . Beneficial positions in KeySIDE are identified through random mutagenesis in directed evolution experiments throughout the protein and in contrast to the CASTing (Reetz et al. 2006b ) or iterative saturation mutagenesis (Reetz et al. 2006a ) approaches, not selected through rational design or not restricted to the substrate binding site. The uphill walk of increasing fitness of the Ymphytase evolutionary pathway is shown in red-colored arrow (Fig. 7) , and other paths leading to decreased or small improvement in thermal resistance or activity are shown in gray-colored arrows. The key positions identified in directed evolution were interrogated separately to gain importance of each position. In each iterative round of KeySIDE recombination, SDM was used to identify beneficial substitutions and to quantify additive and/or cooperative (property improvement by combination of two distal , d) . Finally, the T77K mutation introduced a salt bridge interaction with D122 holding two helices (B and C) together (e, f). The side chain conformations in the subfigures (a, c, e) were sampled every nanosecond over the last 10 ns of simulation (Color figure online) Fig. 7 The evolutionary pathway following uphill walk of increasing fitness of Ymphytase discovered by KeySIDE approach. Variants obtained in each generation are shown in circles and undesirable protein fitness indicated by gray arrows. The uphill walk to the desired Ymphytase fitness (activity or thermostability) is shown in red-colored arrows. Relative activity defines activity comparison to the activity of the wild-type Ymphytase at room temperature substitutions) effects. Key position (K289) reduces one property (activity) but improves another property (thermal resistance). Therefore, the position K289 was subjected to SSM to sample all other 19 amino acids.
In the following paragraphs, rationales and approaches behind combining beneficial mutations (Fig. 1) are described. Initial visual inspection on Ymphytase SM2P3E4 model suggested that T77K might introduce a salt bridge and G187S introducing hydrogen bonds (Fig. 6), D52N is located close to the active site loop, and substitutions K139E and V298M were situated on the Ymphytase surface. In order to experimentally identify the key beneficial positions, the five substitutions in the Ymphytase variant (SM2P3E4) were incorporated individually into the wild type by SDM. T77K substitution (M1A) was found to be essential for increasing thermal resistance (Fig. 1a) . Mutation G187S did not show any improvement either in activity or in thermostability. However, combination of T77K and G187S (named M2) increased thermostability and maintained the wild-type activity on phytate. Despite the long distance between position T77 (α/β-domain) and G187 (α-domain), a significant epistatic effect was observed for the double mutant M2. Epistatic effect on nonadditive interactions between substitutions that affect enzyme properties has been reported to be essential in enzyme evolution (Salverda et al. 2011) , and their role is likely underestimated in classical directed evolution approaches in which proteins are often improved by exchanging one to two amino acids per round of evolution (Tracewell and Arnold 2009) . The D52N position is situated close to the active site loop which was proposed to be important for higher activity (Shivange et al. 2010) . Incorporation of D52N into the wild type resulted, however, in a decreased activity (Fig. 1a , bluecolored circles), and combination with T77K (M1A D52N; Fig. 1a , brown-colored circles) also reduced activity and thermal resistance. As described in the BResults^section, the combination of M1A either with G81E or K139E did not generate further Ymphytase variants with improved activity or thermal stability.
Subsequently, screening of the second SeSaM library resulted in identification of four new sites (K289E, G81E, Q154H, and L239V). Incorporation of individual sites in wild type or M1A or M2 identified K289E and Q154H substitutions to be beneficial for improving thermostability (Fig. 1) . Therefore, Q154H and K289E were separately combined with M2 yielding Ymphytase variant M3 (M2+Q154H) and M4 (M2+K289E). Variant M3 showed higher thermostability than M2 and also showed higher activity for phytate (Fig. 1) . Interestingly, activity improvement was only observed when Q154H was combined with M2 which might be due to a cooperative effect between the substitutions in the M3 variant (T77K, G187S, and Q154H). The variant M4 had decreased activity and improved thermostability. The reduced activity in M4 was due to presence of the K289E substitution. Ymphytase variant M3 (improved activity and thermostability) was combined with K289E (yielding variant M5) and K289Q (yielding variant M6) to compensate the reduced activity of Ymphytase variant M4. The thermostability and activity for K289Q variant were better than those for K289E variant (Fig. 1a, magenta-colored circles) . The reduced activity due to K289Q substitution was compensated after combining with M3 which resulted in Ymphytase variant M6. M6 possesses nearly the same catalytic specific activity as the wild-type phytase, and thermal resistance (T 50 ) was improved (3.5°C, 20-min incubation; Fig. 2) .
To gain some structural insights for improved Ymphytase thermostability, we first constructed a reliable homology model of wild type and refined it using MD simulation in explicit solvent, and the model extracted from the MD trajectory was used to construct Ymphytase variant M6. Overall flexibility (calculated by RMSF calculation) was reduced for the Ymphytase variant M6. Further, the tridimensional distribution of the essential modes of the variant M6 and wild-type enzymes was explored using PCA. The protein dynamics in Ymphytase is mainly observed in three regions (Fig. 5, red-colored) . The first region is a loop-B4 (L92-T102) that was situated between helix-B and β-sheet-4. T77K mutation is located on helix-B and forms a salt bridge interaction with D122 (on helix-C), holding the two helixes together. The latter salt bridge holds likely the two helices (B and C) together resulting in reduced flexibility of loop B4 which is located next to helix-B. Loop-K10 (Q304-Q317; Fig. 5 ) is shown in simulations to be the most flexible part in the wild-type Ymphytase (Fig. 4) . K289Q improved the hydrogen bonding network between helix K and L or helix K and loop CD. As a consequence, the flexibility of the loop situated next to helix K (loop-K10; Q304-Q317) is dramatically reduced (Figs. 4 , 5, and 6). These results suggest that improving hydrogen bonding network of a helix situated before flexible loops may reduce motions in phytase resulting in thermal stabilization. Additionally, a small flexibility decrease in loop-JI (N247-P252) situated in α-domain was observed. Loop-JI (N247-P252) is distant from the only substitution (G187S) in the α-domain. Interestingly, the flexibility of the active site loop (S42-T47) increased in M6 when compared to the wild-type Ymphytase (Fig. 5) . The increased flexibility of the active site loop might be an important prerequisite to maintain a high catalytic activity toward phytate. In a recent theoretical study, the active site loop flexibility was proposed to be decisive for catalytic activity of α/ß-fold phytases (Shivange et al. 2010 ). In addition, the position K289 (positively charged residue) located close to the active site cavity might play an important role in binding negatively charged phytate. K289 is capable of improving thermal resistance when substituted to negatively charged residues (K289Q or K289E ; Fig. 1a) ; however, activity was decreased in K289 substituted variants (Fig. 1a) . SSM of position K289 proved further that only a lysine could maintain a high activity toward the negatively charged phytate.
Position 154 is located on the surface of the Ymphytase and not located at proposed interaction sites forming a tetramer (Electronic supplementary material Fig. S7 ). The substitution Q154H improved thermostability when incorporated into wild-type, M1A (M1A-Q154H), or M2 (named M3). However, activity improvement was only observed when Q154H was combined with M2. A side chain of glutamine residue (polar; neutral) at position 154 forms four hydrogen bonds with protein residues (Electronic Supplementary  Material Fig. S8a) , minimizing solvent interactions of Q154. Replacement of glutamine by histidine (Q154H: polar; positive) reduces the number of hydrogen bonds formed during the simulation to less than two on average (Electronic Supplementary Material Fig. S8b ). The decreased intraprotein interactions make likely the positively charged residue histidine 154 accessible to solvent interactions.
In summary, protein engineering of Ymphytase using KeySIDE approach led to the identification of four residues which govern the thermal resistance and activity. Finally, two muteins were generated with significantly improved thermal resistance and preserving (variant M6) or even improving (variant M3) the high catalytic activity of Ymphytase (1017 U/mg, M6; 1274 U/mg, M3). Substitution T77K introduced a salt bridge, G187S and K289Q improved hydrogen bonding network, and a charged substitution Q154H might improved solvent exposure. MD simulations provided first insights on how thermal resistance can be improved by preserving or even increasing activity. MD simulations reveal further that overall motions in flexible loops/regions are reduced while the local flexibility in active site, e.g., active site loop (S42-T47), is slightly increased. On the molecular level, hydrogen bonding networks were altered and a salt bridge introduced, modifying intra-protein interactions which modulate the Ymphytase flexibility (Fig. 5) . Interestingly, an epistatic effect on thermal resistance (M2) and activity (M2, M3) was discovered together with four additive improvements (M2→M3; M2→M4; M3→M5; M3→M6) despite that the mutated sites are not in close proximity to each other and mainly not in the active site. Rationally guided combination of substitutions identified in directed evolution experiments (KeySIDE) might become an attractive approach for researchers to generate and to validate hypotheses in iterative rounds for understanding of structure-function relationships.
